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I. INTRODUCTION 
The assumption of a double-ended pipe break in the main coolant 
loop piping of a nuclear power reactor followed by blowdown, i.e., a 
rapid loss of coolant through the break has been considered as the worst 
possible loss-of-coolant accident. In the current design of light water 
reactors, the loss-of-coolant accident is expected to be followed 
immediately by operation of an Emergency Core Cooling System (ECCS). 
The design and operation of an ECCS is very much dependent on the assumed 
accident itself and the nature of falcwdown. 
The blowdown phenomenon has been investigated both theoretically and 
experimentally by many researchers for a number of years. A general 
theoretical blowdown formulation was sought which gave maximum flow rate 
in terms of vessel stagnated properties and pipe flow resistance; and 
time dependent pressure, mass and energy in the vessel as a function of 
the length-to-diameter and the elevation of the breaking pipe. Theoreti­
cians, however, have achieved only marginal success. The experimentalists 
have also determined temperature- and pressure-history in the vessel and 
coolant and energy flow rate within a limited scale in their experimental 
facility. The data from these tests were intended to be used as a 
measure of the maturity of analytical tools used to predict the response 
of light water reactors to a hypothetical loss-of-coolant accident. The 
substantial and significant differences between a large reactor and the 
semiscale apparatus make invalid any direct extrapolation of the results 
of these tests to a large reactor (24). 
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One problem in evaluating the adequacy of a blowdown model Is the 
lack, thus far, of well instrumented full scale experimentation. For 
instance, a simplified bubble rise model has been used to predict the 
entrance conditions for the blowdown nozzle in several computer codes 
such as FLASH (27) and RELAPSE (21). The correctness of this model has 
been indirectly evaluated through comparison of the mass remaining in 
the vessel for bottom and top blowdowns of semiscale tests at LOFT (Loss 
of Fluid Test). In comparisons with tests of this size, the assumed 
bubble rise velocity gave a bubble disengagement time of the same order 
of magnitude as the blowdown time (8). Thus, true evaluation of the 
theory as applied to a reactor several times the scale of the model has 
not yet been accomplished. Although the performance of a full scale 
experiment would provide a basis for checking a particular type of 
analysis as well as rule-of-thumb measures of expected flow rates, de­
compression rates and forces, it would be impossible to satisfy all of 
the design requirements of an actual reactor. Therefore, the need for 
a study based on the principles of similitude, if practical, is overdue 
because the size of systems being investigated precludes testing on a 
full scale basis, and is the purpose of this work. By the nature of 
similitude, if the variables are identifiable, similitude theory will 
provide a systematic, efficient approach to this highly mathematically 
Cumbersome and tedious problem. 
The objectives of the experimental Investigations reported In this 
thesis are as follows: 
1. Develop a geometrically true model for the Containment System 
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Experiment (2) which was adopted as the prototype. 
2. Run blowdown tests of the model to measure coolant flowrate and 
decompression rate in the vessel, and predict these quantities for a 
reactor system by the similitude theory. 
3. Compare these predictions with analytical data published. 
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II. LITERATURE REVIEW 
Slowdown analyses were performed by many researchers. The rate of 
coolant expulsion and the transients of pressure and temperature were 
determined based on various thermodynamic assumptions and rupture sizes. 
One interesting result of experiments on orifice-controlled ruptures is 
that the existence of two-phase critical flow serves to limit the rate 
of coolant loss. The actual flow from the orifices was found to be 
significantly less than those which would be predicted by the use of 
conventional formulas. 
The blowdown phenomenon has been focused on three distinctive 
regimes as defined in Reference (7). These are the subcooled, transition, 
and saturated regimes.. 
Subcooled Regime 
The rapid pressure loss at the break location induces a pressure 
difference which starts a flow toward the break. The initial rate of this 
flow is limited by fluid inertia so that the loss in pressure is trans­
mitted as a wave to the rest of the hydraulic system. The wave propa­
gates at close to the sonic velocity of the single phase system and, as 
long as no large changes occur in this velocity due to flashing. The 
system is said to be in the acoustic or subcooled regime. Methods of 
calculating the decompression are based on a solution of the continuity, 
momentum, energy, and state equations. Many solutions to this problem 
based on geometric assumptions have been developed. The equations in­
volved are often nonlinear and can be solved expeditiously only with a 
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computer. Even then, one-dimensional treatments are used. Computer codes 
such as BURST (6), BANLOG (3), and WHAM (9) are typical of these used to 
solve the subcooled decompression and mass flow rate problems. 
Transition Regime 
When subcooled decompression has reduced the pressure of the system 
sufficiently, and after a time delay, the steam-water ratio will begin 
to increase in some parts of the system. This period, when parts of 
the system have rapidly changing steam-water ratio, is called the transi­
tion regime. The equation of state for water or the steam tables show 
at what pressure and temperature this change of state will occur if 
equilibrium is assumed. The rate of occurrence is dependent on addition­
al factors such as heat transfer, contact area, nucleation sites, etc. 
Very little work has been done on the transition regime. 
Saturated Regime 
When the pressure in the vessel filled with hot water is reduced tc 
the saturation value, the water will flash to steam. If this occurs 
uniformly throughout the vessel,the fluid condition can be considered 
saturated and thus will follow the saturation line of the equation of 
state. Even when the saturation condition is not uniform, but some 
saturated region dominates the pressure, the system is said to be in 
saturated regime. The assumption of the uniform pressure in the vessel 
simplifies the calculations for the conditions in the vessel and allows 
consideration of some of the details of the relative motion between the 
liquid and the vapor. The reason for considering these details is that 
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the void fraction or quality of the fluid passing out through ducts to 
the break affects the blowdown rate and the liquid remaining after blow-
down, the level swell and steam blanketing the core. In both the LOFT 
developed code RELAPSE (21) and its similar predecessor FLASH (27), the 
void fraction or quality is assumed to vary linearly from the bottom to 
the top of a particular vessel node in such a manner that the average 
void equals that required by the state and mass balance equations. The 
distribution of this void fraction is dependent on parameters called 
"bubble rise velocity," and void distribution coefficients whose values 
have been defined empirically by comparison with LOFT blowdown data as 
pressure history and liquid level remaining after blowdown. In most 
codes, the two-phase leak flow rate is governed by some critical two-
phase flow. 
The subject of maximum two-phase vessel blowdown from pipes 
has received increasing attention in the past decade. Isbin aj.- (18) 
studied the critical flow of steam-water mixtures in long pipes and 
annuli for pressure up to 43 psia, and quality ranges of 0.01 - 1.0. 
Zaloudek (34) later observed nonequi 1 ;bri lsm effects in short pipes with 
the length-to-diameter ratio, L/D < 6. His results for qualities greater 
than 0.2, and the correlation presented for this range are nearly 
identical to those given by Faletti and Moulton (10). Fauske (11) studied 
saturated water discharge through pipes. He concluded that steam-water 
fIc/'s approached phase equilibrium at discharge when L/D exceeded 6, and 
nonequi1ibriurn effects predominated in short pipes. Two-phase, one 
component critical flow was also obtained in long pipes (L/D > 40) for 
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various mass flow rate and qualities of 0.0019 - 0.216 by Henry (16). 
The model approximates the nonequi1ibrium process of the real system by 
thermodynamic equilibrium paths and shows reasonable agreement with his 
experimental data for exit pressure of 50 - 150 psia. He concluded that 
phase change occurring in the flow is of a nonequi1ibrium nature and the 
ratio of the average velocity of two-phase is close to unity; that is, the 
flow is nearly homogeneous at low qualities. The theoretical model pro­
posed by Fauske (12) is that at the critical flow conditions the magnitude 
of the pressure gradient at the exit is a maximum for a given quality 
and flow rate. The maximum pressure gradients (and maximum flow rates) 
are obtained at a slip ratio when dv/dS = 0. This model, called the slip 
equilibrium model, assumes thermodynamic equilibrium between the two-
phases and therefore applies to long channels. Moody (19) predicted maxi­
mum two-phase flow from a constant flow area, adiabatic pipe with fric­
tion by using the slip ratio given by S = (Vg/v^)^^^. His theoretical 
two-phase critical flow rate and transient blowdowns for 1000 and 2000 
psia saturated-water system arc graphed in terms of vessel stagnated 
properties and pipe fL/D ranging from 0 to 100. 
Slowdown phenomena are also the experimental subject of a semi-scale 
investigation at Pacific Northwest Laboratories (2). The available 
facilities include a 150 ft^, 2500 psig vessel having pipes up to 12 
inches in diameter. An induced rupture of the pipe was performed to 
study pressure history, coolant loss rate, and attendant consequences of 
the accident on the containment building. 
The important current efforts are represented by the LOFT program 
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(13) being carried out for the AEC by Phillips Petroleum Company and 
several subcontractors. The program, projected to span several years, 
is intended to extend the Nuclear Safety research and development infor­
mation available for semi-scale and laboratory type tests into regions 
more representative in size. 
A semi-scale blowdown test program at LOFT was initiated in 1965 and 
is currently yielding information on 
1. The behavior of fluid in the reactor primary coolant system 
during and following blowdown. 
2. The mechanical response of various reactor system components to 
the forces during the blowdown. 
These kinds of data are important to the analysis of core thermal 
response, potential for metal water reaction and containment pressure 
response. 
For the time being, the tests are carried out in tnree stages: 
1. Tests in unsealed vessel without simulated core. 
2. Tests with a complete quarter-scale LOFT primary system. 
3. Tests with the quarter-scale LOFT system with internals and 
with simulated core heat. 
Recent modifications of the test plan provided for testing of emergency 
core cooling systems both with a single and double loop primary system 
in stage 3 above. 
As previously mentioned, the results of those tests are intended to 
be used only for the purpose of analytic methods development and evalua­
tion. No previous work was found which applied similitude theory to 
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predict reactor coolant blowdown through a ruptured pipe. Due to this 
total lack in the field, the current work is a meaningful investigation, 
and will proceed by utilizing dimensional analysis to discover signifi­
cant Pi terms which are required in the theory of similitude. 
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III. DIMENSIONAL ANALYSIS 
The methods of dimensional analysis are founded upon the principle 
of dimensional homogeneity, which states that all equations describing 
the behavior of physical systems must be dimensionally consistent. 
When the equations governing a process are known and solvable, dimensional 
analysis suggests logical grouping of quantities for processing the 
results. When the mathematical equations governing certain processes are 
unknown or too complex, dimensional analysis lays the foundation ot an 
efficient experimental program for obtaining the results, by reducing 
the number of variables requiring investigation and by indicating the 
possible form of the empirical correlations that may be formulated. 
Dimensional analysis, however, assumes that the pertinent variables 
and their dimensions are known. Those significant primary quantities 
assumed appropriate for the present work are listed in Table 1. 
These indicate that three types of variables are necessary. They 
must specify the geometries of prototype and model, dynamics of prototype 
and model, and those properties of the materials upon which the character­
istic phenomena of interest depend. 
Geometric Variables 
The choice ot geometric variables is governed to some extent by the 
particular style and size of reactor pressure vessel and primary coolant 
loop. In general, the current standardized dimensions of the cylindrical 
pressure vessels with a hemispherical bottom head and a flanged and 
gasketed removable upper head have an internal diameter of up to 20 ft. 
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Table 1. Significant variables 
Symbol Definition 
1 Height of blowdown vessel 
d Diameter of blowdown vessel 
H Height of blowdown channel 
L Length of blowdown channel 
D Diameter of blowdown channel 
P Initial oressure of fluid 
o 
Pg Back pressure 
P^ Pressure in vessel after blowdown 
M Initial mass in vessel 
o 
h Enthalpy of fluid 
t Time after blowdown 
Mass left from vessel after blowdown 
Density of fluid 
Pg^ Saturation pressure of fluid 
G.^ Mass flow rate/unit area after blowdown 
^These are used in the subcooled blowdown. 
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for BWR and up to 15 ft. for PWR. The vessel height-to-diameter ratio 
also varies from three to five depending on the reactor power rating and 
type of reactor. In a PWR, reactor coolant recirculation systems contain 
two or more closed reactor coolant loops connected in parallel, each 
loop containing a reactor coolant pump and a steam generator. Inlet and 
outlet nozzles are located at the same elevation between the head flange 
^ and the core. In a BWR, the recirculating water inlet and outlet nozzles 
are located at the bottom head. The steam outlet nozzle and feed water 
inlet nozzle are located at the same elevation of the steam dryer 
assembly and steam separator assembly, respectively. Reactor pressure 
vessels, thus, differ in size, height-to-diameter ratio, the number of 
inlet and outlet nozzles and the cross sectional area of each nozzle. 
For the present work, the height-to-diameter ratio of the cylinderical 
vessel was chosen as five and a circular pipe with a square edge 
orifices at the lower and upper section of the vessel, were provided for 
investigating the effects of break elevation. The ratio of the vessel 
inside diameter to the pipe diameter is eight which is closed to the PWR 
system. Since the model was intended to be geometrically similar to the 
prototype (CSE) as far as pertinent distances are concerned, these design 
conditions are identical to the prototype. 
Dynamic and Material Variables 
The well-known physical equations which govern fluid flow, viz., the 
continuity equation, the Navier-Stokes equation, the energy equation, and 
the equation-of-state define the variables involved in the description of 
the blowdown phenomenon. These variables are pressure, temperature. 
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specific heat, density, viscosity, velocity and transient time. Under 
transient blowdown conditions and if the break location is not far from 
the vessel, say fL/D < 1, viscosity would not be expected to be of any 
significance since the shear force is negligibly small compared with 
the pressure force. The stagnation pressure and temperature in the 
vessel are the controlling factors determining flow rate. For the pres­
ent investigation, if the same material is used in model and prototype, 
the enthalpy can bs represented for temperature and specific heat. 
As noted earlier, two-phase fluid flow is choked during the early 
stage of saturated blowdown. Since two-phase critical flow rate is 
significantly different from single-phase critical flow which could 
occur during subcooled blowdown, a careful distinction has to be made in 
the selection of the pertinent variables. 
Construction of Pi Terms 
Collecting the previously listed variables, it may be assumed that 
= f(l, X., P^, Pg, P^, h, t) (1) 
where X. represents any other pertinent distance given in Table 1. The 
variables may be assumed to have the following dimensions 
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The symbol = indicates dimensional equality but not necessarily numerical 
equality. From the Buckingham Pi Theorem, it is apparent that there are 
six Pi terms which may be determined by inspection and written in a 
possible general equation as 
X. P_ M h P^ P t^l 
,  o  _ 1 ,  _ o _ )  ( 2 )  
M 1 P P K P M 
o o o o 
Since this equation is entirely general, it applies to any other system 
which is a function of the same variables. 
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IV. SIMILITUDE TREATMENT OF THE PROBLEM 
After dimensional analysis has been employed to deduce a set of 
dinensionless parameters descriptive of the phenomenon in question, the 
theory of similitude may be applied in order to relate these parameters 
to a prototype and model pair. This involves identification of Pi terms 
with model and prototype and deduction concerning relationships among the 
corresponding variables. 
Development of Prediction Equation 
If Equation (2) is properly descriptive of the prototype, then an 
expression similar in form is also descriptive of the suitably designed 
model. Specifically, the following expression may be formed on the basis 
of Equation (2): 
"t 
F( 
"om 
M h 0 P^ P t^1 t o ) 
p 
o 
P 1^' 
o 
P M 
o o (3) 
^m 
P P t ^1 tm om m m , 
f ) 
P M 
om om 
1m P 
om "•oJn,' ' 
where the subscript m defines the particular variable as relative to the 
model. It may be observed that i f  all homologous Pi terms on the r ight-
hand side of this expression are equal, the result is 
"t _ "tm (4) 
M M 
o om 
which is known as the prediction equation because it may be used to predict 
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prototype behavior (the left-hand side) given the model behavior. This 
equation, moreover, indicates a true model. It should be noted, however, 
that if not all homologous Pi terms may be set equal, then a distortion 
exists and Equation (4) may not be valid. in that event, a more realis­
tic prediction equation is 
o om 
where 6 is a prediction factor to be determined and whose purpose is to 
account for the lack of satisfaction of the particular distorted Pi 
terms. Depending on the problem and the variables specified, 6 may vary 
from a constant to a function of al1 Pi terms. 
Design Conditions 
Identification of homologous terms of Equation (3) leads to the 
following design conditions. 
X. X. 
- T  ' l i r  •  
This implies the length scale: 
1 X. 
T— ~ ï— ~ (7) 
m im 
This expression states the need for geometrical similarity of model and 
prototype and is a governing factor in prototype and model fabrication. 
The next design condition is related lo back pressure.; 
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P P 
o om 
Since the back pressure is near atmospheric pressure (l4.7 psia). Equa­
tion (8) is not pertinent as long as the stagnated vessel pressure is 
above 27 psia. The critical pressure ratio in two-phase flow was found 
to be approximately 0.55 for long channel of which the L/D exceeds 12 
(11). No attempt is made to control this parameter. 
Operating Conditions 
The remaining equivalences stipulate the operating conditions. 
M h M h 
_2  ^ = _2nLn!_ (9) 
P r PI 
o om m 
and 
P. P. 
(10) 
o om 
P It^ P 1 t 2 
o _ om m m ^ ^ 
M M 
o om 
Equation (9) requires that the ratio of the mechanical energy to the 
thermal energy in the vessel be constant. If the same fluid, water, is 
used in model and prototype, this condition can be hardly maintained 
since density and enthalpy of water vary negligibly as pressure changes 
and the initial pressure in model is considerably lower than it is in 
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prototype. The degree of distortion, in this case, may be evaluated as 
a distortion factor a, defined as. 
M h M h 
a - o _ om m (12) 
P 1^ P 1 ^ 
o om m 
Equation (10) requires that the pattern of decompression in the vessel 
after blowdown must be the same in the model as in the prototype. This 
may be shown by considering the pressure developed in the vessel, P^, to 
be a function of the time and a time-independent factor A. 
P^ = A f(t), n3) 
also 
Ptm - Am 
From Equation (10), 
\15; 
P P 
o om 
For this condition to be satisfied at all times (for all values of time 
after blowdown), it is apparent that 
Hence, the pattern of pressure developed must be the same in model and 
prototype. From Equation (11), it is seen that times in the model must 
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bear a definite relationship to times In the prototype, regardless of 
the value selected P or p . Thus, the necessary condition for satis-
om m 
fying both Equation (10) and Equation (11) are 
P It^ 
( T 7 )  
M O 
and 2 
(18) 
M O 
When operating conditions. Equations (10) and (11) are simultaneously 
satisfied in model and prototype after blowdown, then the mass flow rate 
can be derived from Equation (5). 
5 M t 
' ; r  '  f  -tm om 
The time scale is given by Equation (11). Hence, it follows that 
(2.) 
^tm " ^om ^*om 
From the analytical viewpoint, the critical flow occurs when the pressure 
gradient at the channel exit has reached a maximum value, so that the 
density of the mixture attains a minimum value at the channel exit. 
Since the fluid density is directly related to the quality of fluid %, 
X then should be a pertinent variable for the expression relating critical 
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flow ot a two-phase mixture. From the experimental standpoint, the 
quality of fluid is not an easy quantity to measure experimentally 
(4,33). Uncertainty involved in the measurement of the fluid quality is 
rather high. Therefore, a directly measurable vessel pressure is used 
for this analysis. 
When the fluid is considerably subcooled at all points in the blow-
down duct, the characteristic curve for the mass flow will represent the 
2 
conventional G «= A P chacteristic usually observed for a short tube con­
veying fluid between regions. Experimental work performed by Zaloudek 
(35) has, however, indicated that the critical flow conditions should be 
established when saturation conditions are reached at the outside of the 
orifice. In the subcooled blowdown case, the saturation pressure, p^, 
at the given temperature may be substituted for P^ and h in Equation (3). 
One form in which the general dimensionless equation for the subcooled 
blowdown may be written then is 
This leads to two design conditions for the model, the first condition 
is identical with Equation (6), and 
P P S P P Sm o om (22) 
P S P Sm 
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If these design conditions are satisfied, the prediction equation follows 
directly from 
cm m Sm 
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V. EXPERIMENT 
Description of Slowdown Facility 
The reactor simulator pressure vessel was fabricated and accepted in 
accordance with Section VIII of the ASME Pressure Vessel (Figure 1) and 
Boiler Code. The design temperature and pressure are 400°F and 100 psia 
respectively, and the volume is 0.44 ft^. This vessel without internal 
parts is a true model having a length scale of 7. The volume of the 
prototype, the Containment System Experiment (CSE) reactor simulator (2) 
is Î50 ft^. 
The vessel was hung on an aluminum strain gauge specimen which was 
attached to a crane. The vessel was also attached to the wall with 8 
horizontal steel wires. Thrust forces generated during blowdown experi­
ment were restrained by the 4 upper and 4 lower horizontal wires, arranged 
in 90° angular intervals around the vessel. Sufficient adjustment of 
turnbuckles was provided to align the vessel with the plumb line. The 
weight of the vessel, test sections, and the heating loop were supported 
by the vertical load cell and a scale when the strain gauge was not in 
use. The general view of the experimental facility is shown in Figure 2, 
and the schematic diagram of the experimental apparatus is shown in 
Figure 3. 
Ope ration 
A blowdown experiment was started by filling the vessel with cold 
water. The weight of water was measured. This water was then circulated 
through an external loop containing a heat exchanger and a maximum 2Kw 
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electrical heater under sufficient pressure to retain a liquid state 
throughout the facility. The procedure continued until the water in the 
blowdown vessel attained the required (predetermined) temperature. During 
the heatup stage, 100 psia superheated steam was used for the heat source 
of the heat exchanger (heat transfer area: 5 ft ). An electrical heater 
was used for the final temperature control. The electrical heater was 
then turned off, and circulation was continued to minimize any tempera­
ture stratification in the vessel. When a uniform temperature was ob­
tained, circulation \das halted and the vessel was isolated from the 
heating loop by valving off. The weight of the hot water in the vessel 
was again measured. The diaphragm piercing mechanism consisted of a 
shaft with a sharpened tip which was thrust forward when a solenoid in­
side the assembly was energized by pressing a switch on the control box. 
The experimental run was taken by rupturing a 2 mils thick mylor diaphragm 
disk which was mounted to the end of the blowdown leg by an 0-ring 
gaskctcd flange. The blowdown facility v.-as instrumented to measure pres­
sure and temperature at the selected locations, weight of water remaining 
in the vessel, and void fraction of discharging fluid. 
Instrumentation Arrangement 
Several basic measurements were required to accomplish the objective 
of studying the fluid behavior during the simulated loss-of-coolant 
accident. Some of the measurements such as pressure and temperature 
could be made directly, but others such as mass flow rate or void 
fraction required an indirect approach because of inadequacies in the 
state-of-the-art instrumentation or the general difficulties associated 
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with the basic correlations for two-phase flow. 
The steady-state instrumentation consisted of flow, pressure, and 
temperature measuring devices. A Fisher & Porter rotameter in the 
2 heating loop was used to meter the flow of the water. A 0-200 lb/in 
Bourdon pressure gauge was used to measure the initial pressure in the 
vessel. Three thermocouples were used in the blowdown system. Two 
copper-constantan thermocouples were used in the tank, an ion-constantan 
thermocouple was used in the blowdown leg. Thermocouples are calibrated 
with the standard platinum-platinum/rhodium thermocouple. The thermo­
couples were read on Leeds 6 Northrup potentiometers. 
The fast-response instrumentation consisted of a Kistler quartz 
pressure transducer (Model 603) at the given positions shown in Figure 1, 
connectors, adaptors, special low-noise capacitance cables connecting 
the transducer to a Kistler dial charge amplifier (Model 504), and a 
Tektronix dual beam oscilloscope (Type 556) and camera. The output of 
the transducer was also recorded or. a Brush oscillograph (Mode! BL-274). 
The sweep circuit of the oscilloscope beam, set to record the initial 
stage of decompression, was triggered by an electrical pulse which was 
initiated when the piercing pin touches the diaphragm. The Kistler 
2 transducer has a pressure range of 3000 lb/in , and a rise time of 
1.5 ys. The transducer was calibrated with the Bourdon pressure gauge 
before installation, and was used in the 3 in. long, 1/2 in. pipe 
leading to the vessel. This leading pipe was cooled by water to elimi­
nate the thermal drift of the transducer. The experimental technique 
for obtaining mass flow rate in the bottom blowdown was to measure the 
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weiqhL of the vessel versus the time by a Daytronic platform load cell 
(Model 152-A). The signal from the cell was amplified by a Daytronic 
transducer amplifier (Model 300D) and recorded on a Beckman dynograph 
recorder (Type M). In the top blowdown, two active tensile strain 
gauges and two dummy gauges are used in the measurement of the vessel 
weight because of the extremely high level of vibration of the load cell. 
Two temperature compensated 120 0.12 ohms active gauges were adhered 
to both sides of an aluminum specimen, 1 in. wide, 1/16 in. thick, and 
7 in. active length. The signal from a Beckman bridge was recorded 
on the Dynograph. Both the load cell and the strain gauges were cali­
brated with a known dead load. Temperature versus time after blowdown 
was also recorded on the Dynograph. 
Void fractions were measured by the gamma-ray attenuation apparatus 
137 
shown in Figure 4. The gamma-ray source was Cg , which has single 
energy peaks at 662 KeV and a half life of 30 years. Schrock (30) de­
rived an expression relating the void fraction of a two-phase riixture 
and the attentuation of gamma rays beamed through such a mixture. This 
expression may be written as 
ln(l/l ) 
a = (24) 
in(ig/if) 
where 1^, 5^ and I are the empty, full, and two-phase intensity, 
respectively. 
The derivation for Equation (24) is based on the premise thai the 
attenuation of a gamma beam is an exponential function of the absorption 
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thickness and the two-phase flow is homogeneous or otherwise conforms to 
Equation (25) , 
u = aUg + (1 - o) uj (25) 
where g and f refer to the vapor and liquid. Equation (24) is also valid 
provided that the beam is well collimated so that all photons are moving 
substantially in the same direction, and the beam is monoenergetic. The 
energy spectrum and pulse height depend on the photon interactions with 
the detector and with the detector environment. If each narrow energy 
band of a source obeys, then the lower energy photons are more strongly 
attenuated because of higher u and the energy spectrum shifts as the beam 
progresses. The result is that the total attenuation is not exponential. 
Even if the beam were initially monoenergetic, some secondary effects 
tend to produce lower energy photons that will distort the attenuation 
behavior. The window discriminator and window setting of single channel 
137 
analyzers provide for the isolated full energy photopeak of 
decay. Gouse (15) discussed the uncertainty of the gamma ray attenuation 
technique due to the distribution of the phases. He showed that systems 
2 
with empty-to-full ratios as large as 10 are quite sensitive to the 
assumption of a series or parallel attenuation. In this study, the 
empty-to-fuH ratio was rather small (- 1.2). Hence the degree of un­
certainty will be small. The flow regimes witnessed by Henry (6) at 
the critical flow appeared as thoroughly dispersed mixtures which are 
best represented by the series-attenuation model. Thus the degree of un­
certainty was reduced even more. The lead collimator and detector window 
minimized the additional geometric effects described by Gouse (14). 
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Petrick and Swanson (26) described possible errors resulting from a point 
source and preferential phase distributions. These sources of error 
were eliminated by using a thin beam that was wider than the flow channel. 
The high voltage was supplied to the detector by a Fluke Power 
Supplier (Model 421-B) and the detector was an RCA photomultiplier tube 
(Model 6199). The signal generated by the gamma beam was preamplified by 
a Canbera preamplifier (Model 805) and amplified by a Canbera amplifier 
(Model 816) and discriminated by a Canbera single channel analyzer 
(Model 830), and recorded on 3 Ridl multichannel analyzer (Model 34-12B) 
which had set to a 0.5 sec/channel in the time adjustment unit. 
An error analysis for the gamma-ray attenuation using the above 
apparatus is presented in Appendix C. 
The estimated overall time constant for the void fraction measure­
ment apparatus was less than 10 usee. 
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VI. RESULTS AND DISCUSSION 
A series of initially saturated blowdown runs were made. The run 
conditions are shown in Table 2, and data are shown in Appendix A.2. An 
example of the results of one of these runs is in Figures 5, 6, and 7, 
and compared with data of the prototype. As shown in Figure 5, there is 
a sharp initial dip in the test pressure which essentially recovers within 
one second. It may be explained by a combination of two effects; i.e., 
initial discharge of slightly subcooled liquid, not restricted by a two-
phase mechanism, and a non-equilibrium thermodynamic behavior due to the 
delay time for vapor bubbles to form and expand in the liquid. The experi­
mental traces show a "knee," or sudden increase in pressure drop rate when 
saturated low quality mixture blowdown is followed by saturated vapor 
blowdown. This is important evidence regarding the nature of water/steam 
behavior.in the vessel during blowdown. 
in the saturation regime, the quality of the fluid passing cut 
through the duct to the break affects the decompression and the blowdown 
rates. The initially subcooled water does not flash in the vessel until 
the pressure drops to the saturation value. Although the vessel pressure 
reaches the saturation value, it is unlikely that a high concentration of 
vapor would occupy the vessel's lower region while liquid was still 
present. Therefore, steam/water action in the vessel for all bottom blow-
down tests should lie somewhere between a very low quality homogeneous 
mixture filling the vessel and completely separated phases with water 
occupying the vessel's lower region until water is fully expelled. The 
void fraction measurement showed that the average quality of the mixture 
Table 2. Summary of saturated blowdown run data® 
Run Number Pressure, 
psia 
Initial 
temperature, 
°F 
Initial 
water mass, 
lb 
Final 
water mass, 
lb 
Water Exhaustion 
time. sec. 
Sat. A-1 76 305 25.2 8.7 -
Sat. A-2 66 315 25.0 8.5 -
Sat. B-1 51 273 27.0 9.5 -
Sat. B-2 70 300 26.0 9.3 -
Sat. B-3 75 304 25.5 9.0 -
Sat. C-1 60 290 26.0 1.7 8.1 
Sat. C-2 84 313 25.0 1.7 6.5 
Sat. D-1 65 294 26.0 2.2 9.5 
Sat. D-2 69 29W 25.0 2.2 9.0 
Sat. D-3 H2 310 24.0 2.0 8.4 
Sat. D-4 136 314 25.0 2.0 8.1 
Sat. D-5 316 25.0 2.0 7.8 
^Runs were made with Initial conditions In vessel as close as possible to saturation. 
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at the outside of the orifice was only 0.004 before the knee occurs 
(see Figure 14). 
The top blowdown test was also compared with the bottom blowdown 
in Figure 8. The increasing blowdown elevation caused the disappearance 
of the knee. As observed during the top blowdown, the steam exiting the 
flow channel was of higher quality than the steam of comparable bottom 
blowdown tests. The difference in quality of the steam for top and bottom 
blowdowns was the result of enhancing the separation of the fluid phases 
and reducing the liquid entrainment during blowdown. Moody (20) confirmed 
by his analysis that the knee would disappear when a nearly homogeneous 
liquid/vapor mixture blowdowns from a vessel. 
Increasing the orifice elevation was also found to increase blowdown 
time by promoting the separation of the fluid, and thus allowing more 
time for the fluid to reach thermodynamic equilibrium and the bubble rise 
velocity to become a controlling phenomenon in the blowdown process. In 
the top biowdown configuration, the enthalpy stored :r. the fluid v;as 
dissipated by expanding or flashing the fluid to higher quality steam 
which was allowed to escape through the blowdown channel. Consequently 
the temperature of the fluid decreased more rapidly, as shown in Figure 
8. In the top blowdown, the amount of residual water was about 36% of 
the initial water in weight, whereas about 9% of the initial water was 
remaining in the vessel in the bottom blowdown. In the top blowdown, 
the steam expands in the vessel and is allowed to escape through the 
channel. This steam has undergone considerable expansion in the vessel 
and the channel and, consequently, has attained higher linear velocity 
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than the steam in the bottom Slowdown channel, which does not expand 
appreciably until having left the orifice. The higher fluid velocity 
associated with the top blowdown tests indicates that pipe breaks 
occurring at the higher elevations in light water reactor systems present 
more potential for damaging equipment in the proximity of the break. 
As shown in Figure 5, the general pattern of decompression in the 
bottom blowdown is the same in the model and the prototype. The time 
scale is given by Equation (11) and in this case 
, 1/2 p „ 1/2 , 1/2 
= (—) (um . _2_) = (_) 
t n P M 
m s om 
65 7100 
( X ) = 1.99. 
640 26 
It is observed that the knees occur at ca, 9 sec in the model, and at ca. 
18 sec in the prototype, respectively, and during these periods, the 
pressure drop rates are constant. Therefore, the operating conditions 
Equations (10) and (11) are satisfied simultaneously in model and proto­
type. After passing the knee points, vapor entrainment in the liquid 
increases sharply. The obvious effects of which are decreasing the mass 
flow rate and fluid temperature, and increasing pressure drop rate. 
Figures 9 and 10 are graphical representations of a complete set of 
data for model and prototype, respectively (data listed in Table 3). 
Some aspects of these curves agree with the results of previous analytical 
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Table 3. Experimental data for Figure 9 
Run Number Time, Sec Pressure (P ) Mass left 
Psla (Mj.), lb 
Sat. D-1 0 
1 
3 
6 
9 
12  
15 
1 8  
2) 
Sat. D-2 0 
1 
3 
6 
9 
1 2  
15 
1 8  
2 1  
Sat. D-3 0 
1 
3 
6 
9 
12 
15 
1 8  
2 1  
65.0 0.0 
63.7 2.03 
61.8 5.72 
58.5 10.71 
53.9 15.39 
38.4 20.30 
22.7 21.63 
18.2 22.36 
14.8 23.50 
69.0 0.0 
66.9 2.21 
64.8 6.63 
60.7 12.61 
55.9 17.68 
40.0 20.54 
20.7 22.10 
16.6 23.19 
15.8 23.74 
82.0 0.0 
80.3 2.40 
77.1 6.42 
70.5 12.49 
64.8 15.97 
46.7 18.74 
31.2 20.33 
22.9 21.73 
15.6 22.44 
Mt/"o 
h M J  
o 
P 
o 
1.0 0.0 4633.4 
0.98 0.07# 
0 . 9 5  0 . 2 2 0  
0.90 0.412 
0.83 0.592 
0.59 0.781 
0 . 3 5  0 . 8 3 2  
0.28  0 .860 
0.23 0.907 
1.0 0.0 4248.2 
0.97 0.085 
0.94 0.255 
0.88 0.485 
0.81  0 .680 
0.58 0.790 
0.30  0 .850 
0.24 0.892 
0.23 0.913 
1.0 0.0 3543.0 
0.98 0 .098 
0.94 0.262 
0.86  0 .510 
0.79 0.652 
0.57 0.765 
0 .38  0 .830  
0.28 0.887 
0 . 1 9  0 . 9 1 6  
Table 3. (Continued) 
Run Number Time, Sec Pressure (P ) Mass left Pf/P_ M /M T 
Psia (Mj.), lb " P^d 
Sat. D-4 0 86.0 0.0 1.0 0.0 3568.4 
1 84.j 2.41 0.98 0.096 
3 81.7 6.62 0.95 0.265 
6 74.0 12.55 0.86 0.502 
9 67.1 16.22 0.78 0.649 
12 48.2 19.32 0.56 0.773 
15 31.8 21.00 0.37 0.840 
18 19.0 22.00 0.22 0.880 
21 15.9 22.65 0.18 0.906 
Sat. D-5 0 91.0 0.0 1.0 0.0 3443.1 
1 88.3 2.75 0.97 0.110 
3 84.6 7.90 0.93 0.316 
6 78.2 12.30 0.86 0.492 
9 71.9 17.00 0.79 0.680 
12 43.7 19.65 0.48 0.786 
15 27.3 21.50 0.30 0.860 
18 22.7 22.00 0.25 0.880 
2 1  16.5 22.80 O.IB 0.912 
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investigations (20). Figures 9 and 10, in a sense, represent an equation 
of state for the fluid remaining in the vessel during blowdown. The data 
points of the model are in agreement with the pressure predicted by a 
liquid blowdown, and the data of the prototype are close to the pressure 
predictions made by a mixture blowdown (20). Reduction in break area, A|^ 
in the model promotes the separation of the fluid phases at the entrance 
even though the geometrical similarity does exist. It is also the author's 
opinion that these differences in the related phenomenologies make invalid 
any direct extrapolation of the mass flow rate of the semi scale test 
performed elsewhere (2,24) to a large nuclear reactor. 
Figure 11 is a superposition of Figures 9 and 10. The curves are of 
the same form for each given pressure ratio. Examination of the curves 
reveals the following: 
1) For constant it, = Xi/1 and ir, = ? J? , ir, = Ml /M increases as 
^  j  t o i  t o  
= Mgh/Pgl^ increases, which means the higher pressure in the vessel, 
the greater quality at the blowdown channel and the less mass flow rate. 
2) For any value of ir^, diT,/dir^ is negative and decreases as in­
creasing ir^, which implies that the critical mass flow rate decreases with 
the vessel initial pressure. 
3) At greater values of (during the low quality of fluid blowdown) 
'^l^^lm decreases rapidly with After passing the knee point, = 
0.78, tt./ti. increases as ir. decreases. Reduction in break area gives 1 Im jm ^ 
more separation of fluid phases. 
Figure 12 shows the prediction curves for Figures 9 and 10. It may 
be observed that the prediction factor 5 is a function of the pressure 
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ratio ("p—), which is also dependent on both the fluid quality and the 
o 
blowdown time, at a given value of distortion factor a. 
The mass flow rate scale, G^/G^^, is given by Equation (zo). The 
mass flow rate values obtained for saturated blowdowns by Equation (20) 
have been plotted along with data from other sites and some theoretical 
predictions shown in Figure 13. Vessel pressure at time of mass velocity 
measurement is the parameter for the constant ratio of orifice to vessel 
cross-sectional area. The data from Humboldt (28) and Bodega (25) tests 
showed that mass flow rate is dependent on the ratio of the cross-
sectional area, but the dependence is not strong. The addition of points 
from LOFT (29) was made by estimating the flow rate required to empty the 
flask in the reported time after initial flow. All these indicate leveling 
off of the decrease in flow rate at larger breaks. 
A widely used blowdown rate prediction, (Moody's (20)) has no area 
dependent term except for minor pipe friction. Some mass flow rates 
predicted by his analysis are also shown in Figure 13. The fact that 
agreement between predictions by Moody and experiment occurs at different 
orifice-to-vessel diameter ratios, suggests that more detailed calcula­
tions should be carried out to evaluate the fluid conditions at the 
orifice inlet in terms of enthalpy and pressure. The deviation between 
theory and this experiment is in a normally conservative direction, at 
least for the nozzle sizes usually found on reactor loops, since lower 
than theoretically predicted flow rates will mean slower containment 
pressurization and less rapid coolant loss from the reactor. 
Calculation of the quality of the flow was made from the void 
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fraction using the homogeneous assumption and the continuity equation 
(32). 
X = (26) 
l+[(l-a)/a] V^p^/VgPg , 
where a is void fraction, V linear velocity, p density, and g and f 
refer to the vapor and liquid, respectively. For no slip that is V^=Vg, 
so 
X = . (27) 
a+(l-a)p_/pg 
The density data acquired from the pressure and temperature curves and 
the void fraction data calculated from Equation (24) (gamme-ray intensi­
ties were listed in Appendix B) have been reduced to quality on the basis 
of homogeneous zero slip flow, and are shown in Figure 14. Although the 
void fraction was constant or slightly increasing with time during the 
saturated portion of the blowdown, the calculated quality shows a slight 
decrease because of the correction for pressure change. The method (2) 
used for measuring the void fraction in the prototype was to measure 
thermal neutron flux resulting from moderation of fast neutrons in the 
steam-water medium. Because of the developmental nature of the method, 
only tentative data have been available. As a result, doubt exists as 
to the application of the theory of similitude on evaluation of the 
quality with the prototype. In spite of this systematic error in the 
absolute magnitude, some relative trends are shown in Figure 14. 
The major trend observable in Figure 14 is an increase in quality as 
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the initial temperature or enthalpy Is increased and the orifice size is 
increased. It is observed that the time scale at the onset of a sudden 
jump of the quality in model and prototype is the same as the scale 
observed at the pressure decay. 
A series of subcooled blowdown runs were also made. The run con­
ditions are shown in Table 4, and the data are shown in Appendix A.3. 
An example of the rapid pressure transients of subcooled decompressions 
during approximately the first forty multiseconds at the vessel (Position 
P-4); the outlet orifice (P-5), and the outlet pipe (P-6) is shown in 
Figure 15. 
Truly subcooled decompression periods did not accompany most of the 
blowdown described in this work because air, dissolved in hot water 
during the heatup period, would escape from the solution during de­
compression before true saturation could occur. Allemann (l) showed in 
his experiment that large amounts of dissolved gas (about 80% of its 
saturation value at a given temperature) came out of solution very quickly 
during the initial stage of fluid decompression. The subcooled runs were 
all done with air overpressurization to give subcooled conditions, but 
its use gave anomolous decompression patterns in terms of the decom­
pression gradient and time because different initial water temperatures 
gave the different values of dissolving rate, in addition, the rupture 
disc did not open instantly, but opened partially when punctured by the 
pin, and after a short time rapidly opened wide. The time taken to 
completely open the mylor disc was dependent on the fluid temperature and 
pressure. Reference (6) showed that the different opening time and 
Table 4. Summary of subcooled blowdown run data 
Run number Pressure, Initial Initial Final Water exhaustion 
psla temperature, water mass water mass, time 
°F lb lb sec 
Sub. A-1 74 285 26.0 8.3 - -
Sub. A-2 93 306 25.0 8.0 - -
Sub. 8-1 74 285 26.0 8.7 - -
Sub. B-2 97 305 25.0 8.5 - -
Sub. C-1 74 290 27.0 2.0 8.9 
Sub. C-2 95 300 24.0 2.0 7.0 
Sub. D-1 70 271 27.0 2.5 9.5 
Sub. D-2 82 294 26.0 2.0 9.2 
Sub. D-3 89 301 26.0 2.0 8.3 
Sub. D-4 98 305 25.0 2.0 9.0 
Sub. D-5 100 309 25.0 2.0 8.1 
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different rupture method gave anomolous decompression patterns. In the 
prototype the runs were all done with nitrogen overpressurization and 
the break was caused by overpressuring the volume between two stainless 
steel rupture discs. It also was found (2) that subcooled blowdowns 
were anomolous decompression patterns. 
As shown in Figure 15, during the subcooled blowdown, the discharge 
pipe exhibits an acoustic resonant phenomenon. By considering a 
vibrating string of finite lengths having one end fixed and the other 
end free, the fixed point is comparable to the reservoir end, and the 
displacement of the string from a horizontal position is comparable to 
pressure head variation. The vessel pressure decreased in a step-wise 
fashion with a period of ca. 11 msec per step. Based on one dimensional 
harmonic modes (23), this decrease gives a pipe length for the fundamental 
pC/4 = 8.6 and 12.4 ft. for hot and cold water respectively, and for the 
second, 4.3 and 6.2 ft. and for the fourth harmonic 2.15 and 3.1 ft. 
The outlet pipe is 2.03 ft. long. 
Berta (5) at LOFT used step periods corresponding to the fourth 
harmonic of the outlet pipe in making predictions of the rats of pressure 
relaxation in the vessel. His method reproduced the overall rate of 
decompression of the LOFT test results. But the major steps of the LOFT 
data (8) corresponded more closely to the second harmonic and the CSE 
results (2) also indicated that the second harmonic could be used for 
rough estimates of the decompression step period. The increases of the 
decompression steps probably resulted from partial reflection of acoustic 
signal from the inside surface of the orifice restriction. The results 
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from the model and the prototype showed that the frequency of pressure 
oscillation and the amplitude are dependent on the acoustic velocity 
which is governed by the fluid temperature. The actual measured pressure 
differences of the steps involved did not lend themselves to analysis or 
interpretation because of the unknown effect of dissolved air and 
nitrogen in the water and of the different patterns of opening the disc. 
The experimental results showed that at the end of subcooled de­
compression, the fluid did not boil at the saturation temperat re. This 
situation is characterized by a pressure undershoot of about few psi 
and exhibits the fluid metastable (nonequi1ibrium) thermodynamic 
behavior (31). The history of the measured pressure at the orifice 
showed air influence of the initial temperature in the blowdown channel, 
taking longer to begin to recover for the lower temperature than the 
higher temperature. Although recovery in pressure began before indica­
tion of temperature rise in the outlet pipe, it appears that the pressure 
recovery pattern at the orifice is most strongly affected by the tempera­
ture of the water arriving there. Therefore these data of pressure 
history of the initial low temperature-outlet pipe should not be used to 
infer metastabi1ity effects in actual blowdown cases In which a fully-
hot. fluid-fi1led-pipe break occurs. 
Figure 16 is a graphical representation of a set of data for model 
and prototype in the subcooled blowdown. It may be observed that, while 
slight differences may be noted between the model and the prototype, two 
curves are within the estimated maximum uncertainty of the experimental 
data. 
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Since experiments were carried out holding = X./l and varying 
TTj = (P\-Pg)/Pg, and data plotted as a straight line in logarithmic 
space, the component equation of Equation (21) is of the form (22) 
( i t . )  _ = air-" '  (28) 
' 2 ^ 
where the bar denotes constant value, and A and m are some constant to 
be decided. 
The value of A and m are found to be 0.4225 and 1.0 in the model and 
0.400 and 1.0 in the prototype, respectively. Thus a subcooled mass flow 
rate then may be formulated as 
P -P 
—— = 0.4225 ( ) (29a) 
^cP% % 
or 
= (0.65) / 2g^p(P^-Pg) . (29b) 
The result agrees very well with the Zaloudek (35) formula which has the 
adiabatic coefficient of discharge A, as 0.61 to 0.64 for fourteen 
different square edge orifice pipes, 0.03 to 5 in. long and 0.25 to 0.625 
in. in diameter. The discharge coefficient A, will be strongly influenced 
by the length-to-diameter ratio and the shape of the orifice. When the 
ratio of L/D is large, the friction of pipe wall becomes an important 
factor, then Equation (29b) is no longer valid. The discharge coefficient 
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is also probably strongly influenced by tiie dissolved air and nitrogen, 
and therefore detailed experiments would be needed to isolate the effect 
of the gas evolution on the choking phenomenon. 
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VII. SUMMARY AND CONCLUSIONS 
A number of blowdowns, simulating PWR and BWR loss-of-coolant 
accidents, were made from lower (0.5 ft. above the vessel bottom) and 
upper (2.0 ft. above the vessel bottom) outlets of a 0.44 ft.^, 2.5 
2 ft. high pressure vessel through a circular pipe of 0.00257% ft. with 
a final square edge orifice. The blowdowns were started with a full 
vessel of 28 to 23 lbs. of water at the pressures ranging from saturated 
to subcooled (45-100 psia), and temperatures ranging from 250 to 320°F. 
Saturated water conditions were produced by injecting high pressure 
superheated steam (100 psia, 330°F) directly into the vessel. Subcooled 
water conditions were produced by pressurizing with air. A single-
rupture-disk was broken to simulate a pipe break and start the blowdown. 
Data were obtained on pressure, temperature, mass remaining in the vessel, 
and void fraction. 
Dimentional analysis has been employed to deduce a set of dimension-
less parameters descriptive of the blowdown phenomena in question, and 
the theory of similitude was applied In order to relate these parameters 
to the model-prototype pair. The model was a geometrically true model 
to the prototype (CSE reactor simulator vessel), and the length scale was 
7.0. It was determined that a true operating condition was not practical 
and was distorted in terms of temperature and pressure. The predictable 
factors were derived by varying the degree of distortion in the operating 
condition. 
Comparison of the predicted values with theoretical predictions was 
made. The mass flow rates were less than the theoretical predictions. 
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The subcooled blowdown data gathered here and elsewhere using gas (such 
as air and nitrogen) pressurization without special precautions will not 
be directly applicable to the initial decompression rate of a typical 
reactor loss-of-coolant design basis accident because of the pronounced 
effect demonstrated by gas solubility on blowdown in the subcooled 
regime. The subcooled mass flow rates agreed well with other test data 
and were independent of the geometrical similarity within the experimental 
ranges. 
An analysis of the experimental data from the model and the proto­
type leads to the following qualitative conclusions: 
1) Allowing for gas solubility, the temperature-pressure history in 
the vessel followed the saturation curve after subcooled decompression 
was complete. 
2) The void fraction of the exiting fluid increases with the 
orifice size and the initial fluid temperature. 
3) The pattern of decompression in the vessel was the same in the 
model as in the prototype and the time scale was constant at the given 
initial conditions. 
4) Increasing the break elevation gave longer total blowdown time 
and less mass flow rate and will give more potential for damaging equip­
ment in the vessel at the same break size. 
5) The liquid level in the simple vessel initially went down 
linearly with time then surged back upward. 
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VIII. SUGGESTIONS FOR FURTHER STUDY 
The tests discussed in this work were conducted without core in­
ternal parts in order to check the applicability of the similitude theory 
and to check publically available blowdown theory in a simple vessel con­
figuration. Since this work indicates the similitude theory can provide 
a powerful tool to solve an extremely complicated blowdown phenomenon, 
a further development of model configurations, which are able to offer 
quantitative relationships for the break distances from the vessel, 
break sizes, and break elevation, is not only feasible but practical. 
The mechanical and structural aspects during a loss-of-coolant can 
also be analyzed by the similitude theory in terms of primarily the 
hydraulic resistance effect of the core structure and of vessel internal 
parts on the discharge rate of coolant and on the charge rate of the 
emergency cooling fluid during the blowdown transient. This effect can 
be obtained by utilizing a true model which has an unheated dummy core 
and other internals. 
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XI. APPENDIX A: EXPERIMENTAL DATA 
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Figure A.2f- Pressure, weight and temperature of fluid remaining in 
the vessel (Sat. C-1) at (a) P4; (c) T1; (d) T4 
75 
M 
° ^  30-i M 
: ••-•i 
(" I: 
— 1  i .  . - i »  — f •  
c <: 
cr 
UJ 
OL 
Z 
U. 313-r 
Ijj 
Ù1 
4 
LlI 
CL 
i: 
-J 
: ,  :  , '  
_ X__ , 
w ; i ' . ; ; • ; ; , ; 
1 ; 
: ; ' 1 ; 
! • ; • : r ! ; 
•H 
w 206-, 
0 6 12 18 24 
TIME AFTER RUPTURE, SEC 
Figure A.2g. Pressure, weight and temperature of fluid remaining In the 
vessel (Sat. C-2) at (a) P4; (c) Tl; (d) T4 
76 
oLUXLlZ ' ' / / V f V / / / / Vi / / ; / / y /-TTTi 
-M-4. 
I f -/ - I I ! I : I 
V . :i. r. i-, i ' I __ j- . : _ . J i\c; . :-r---; -r i t ; : ; 
• i - V- 4 :-i. --T""- •" i- 4 •• 
I ! •: 
v/) I I \ 
i • 1, 
t : - L . . - . - r — i -  1  i  t  |r—-y -1-. -l.- r • i •. : t U_ 
_! 'i I > > t ' - > -1 ' 1 i - > 
y I y-A A 
mi 
i-t-
15 20 
^26-! 
c < 292 
pLi 2 23-
ll 
U 294-—: 
cr r,- •/ 
3 -f t d k  J : 
u 208-; , T 
"•s 
z 
UJ 
1-
0 6 12 18 24 
TIME AFTER RUPTURE, SEC 
Figure A.2h. Pressure, weight and temperature of fluid remaining in 
the vessel (Sat. D-1) at (a) P4; (c) T1; (d) T4 
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Figure A.2i. Pressure, weight and temperature of fluid remaining 
in the vessel (Sat. D-2) at (a) P4; (c) TA; (d) T5 
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Figure A.3a. Pressure, weight and temperature of fluid remaining in 
the vessel (Sub. A-1) at (a) P4; (c) T1 ; (d) TA 
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Figure A.3e. Pressure, weight and temperature of fluid remaining in 
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Figure A.3f. Pressure, weight and temperature of fluid remaining in 
the vessel (Sub. C-2) at (a) P4; (c) T1 ; (d) T4 
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Fiaure A.3g. Weight and temperature of fluid remaining in the vessel 
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Figure A.3Î. Pressure, weight and temperature of fluid remaining in 
the vessel (Sub. D~3) at (a) P4; (c) T4; (d) T5 
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APPENDIX B: EXPERIMENTAL DATA FOR THE QUALITY OF FLUID 
Table 5. Gamma-ray Intensities of the lower blowdown for (a) the empty (0.5 sec/channel) ; 
(b) the filled with 300®F water (0.55 sec/channel); (c) the run number Sat. D-1 
(1.0 sec/channel); and (d) the run number Sat. D-5 (1.0 sec/channel). 
(a) 
(b) 
(c) 
(d) 
00000 
00309 
0 0 3 3 1 ^  
00299 
00000 
00240 
00254 
00265 
00000 
00552 
00616 
00625 
00624 
00000 
00000 
00572 
00631 
00641 
00653 
00660 
00300 
00323 
00320 
00296 
00247 
00234 
00254 
00270 
00554 
00597 
00595 
00611 
00615 
00000 
00507 
00608 
00639 
00651 
00638 
00608 
00328 
00313 
00323 
00324 
00255 
00283 
00268 
00289 
00578 
00607 
00627 
00575 
00616 
00000 
00613 
00585 
00640 
00570 
00656 
00645 
00304 
00307 
00339 
00306 
00284 
00306 
00293 
00278 
00560 
00582 
00674 
00615 
00650 
00000 
00562 
00572 
00654 
00643 
00633 
00126 
00275 
00299 
00300 
00310 
00296 
00291 
00277 
00248 
00583 
00582 
00635 
00678 
00577 
00000 
00601 
00585 
00661 
00629 
00664 
00000 
00311 
00293 
00310 
00313 
00252 
00243 
00279 
00268 
00559 
00571 
00651 
00607 
00617 
00000 
00581 
00564 
00635 
00647 
00615 
00000 
00294 
00321 
00294 
00298 
00260 
00250 
00266 
00264 
00565 
00532 
00620 
00622 
00576 
00000 
00581 
00604 
00616 
00591 
00646 
00000 
00319 
00292 
00318 
00296 
00254 
00275 
00261 
00274 
00534 
00617 
00588 
00601 
00634 
00000 
00571 
00596 
00661 
00632 
00636 
00000 
00297 
00324 
00306 
00298 
00262 
00265 
00276 
00265 
00574 
00626 
00624 
00653 
00626 
00000 
00572 
00560 
00625 
00628 
00632 
00000 
00277 
00311 
00302 
00322 
00258 
00250 
00288 
00265 
00530 
00626 
00585 
00620 
00598 
00000 
00542 
00555 
00577 
00660 
00605 
00000 
Table 6. 
(a) 
(b) 
(c) 
(d) 
00000 
00562 
00529 
00546 
00000 
00483 
00514 
00521 
00000 
00568 
00615 
00579 
00581 
00601 
00603 
00000 
00585 
00577 
00589 
006 08 
00619 
00550 
00582 
0052T 
00569 
00560 
00= 22 
00509 
00506 
00483 
00513 
00592 
00568 
00573 
00545 
00578 
00584 
00510 
00561 
00594 
00576 
00573 
00561 
00602 
00581 
00554 
00543 
00564 
00^ 08 
00475 
00456 
004Y 3 
00519 
00566 
00608 
00590 
00588 
00584 
00582 
00548 
00546 
00594 
00590 
00548 
00570 
00575 
00532 
00545 
00567 
00541 
00483 
00506 
00505 
00518 
00558 
00569 
00585 
00632 
00607 
00580 
00572 
00560 
00580 
00612 
00635 
00568 
00610 
00607 
00557 
00577 
00588 
00561 
00543 
00496 
00503 
00510 
00562 
00545 
00540 
006 04 
00579 
00578 
00591 
00562 
00575 
00555 
OO5SO 
00605 
005/9 
00404 
00608 
00542 
00603 
00532 
00513 
00494 
00451 
00494 
00518 
00557 
00620 
00551 
00596 
00583 
00603 
00552 
00573 
00574 
00603 
00570 
00:91 
00000 
00574 
00563 
00555 
00553 
00501 
00508 
00487 
00540 
00550 
00553 
00607 
00575 
005 86 
00560 
00574 
00630 
00596 
00580 
00552 
00592 
00563 
00000 
00580 
00575 
00529 
00499 
00516 
00460 
00532 
00556 
00594 
00547 
00596 
00540 
00596 
00593 
00568 
00573 
00616 
00554 
00568 
00595 
00000 
00582 
00569 
00553 
00541 
00529 
00514 
00528 
00564 
00585 
00600 
00550 
00600 
00601 
00607 
00564 
00572 
00556 
00550 
00611 
00578 
00000 
00550 
00584 
00562 
00494 
00495 
00494 
00507 
00593 
00559 
00589 
00590 
00607 
00591 
00631, 
00577 
00600 
00606 
00557 
00567 
00605 
00000 
VJD 
95 
X I I I .  A P P E N D  I X C :  E R R O R  A N A L Y S I S  
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Void Fraction 
Errors resulting from electronic drifting of the current amplifier 
and the high-voltage supply and errors due to the decay of the radio­
active source were negligible because the time lapse for a run was approxi­
mately 20 sec, which is very short compared with the time necessary for 
appreciable drift. 
Errors may result from external parallel radiation paths. However, 
a 6 in. steel collimator negated this source of error for all practical 
purposes. 
Errors arising from preferential phase distribution were dealt with 
in Chapter V. 
The gain of the photomultiplier tube is a function of the environmen­
tal temperature. Air cooling was used to maintain a constant temperature 
around the tube. Therefore this source of error was also assumed to be 
negli gible. 
As shown in Chapter V, the void fraction may be represented by 
I n ( I / I f )  
I £  ^ f # # 1 1 llip ty and full n^ssurer^ients are taken at the same time* the ratio 
Ig/lf is independent of drift and decay; it is only a function of the test 
section geometry. This ratio was averaged for many readings, and the 
average was used to calculate all the void fractions. Hence it may be 
considered a constant C so that Equation (22) becomes 
97 
a = 1n(l/ l^)/1nC .  (C-1) 
To obtain an appreciation of the errors involved, one would like to 
evaluate Aa/a. In Reference (17)» Aa is represented by do which is valid 
when the errors are smal 1 as 
dl di 
do = ( — - ) / InC (C-2) 
I U 
or 
AI Al 
I I 
Ao = ( —— )/lnC . (C-3) 
f 
The maximum error is 
AI AU 
Aa = ( + —— )/ InC 
' 'f 
The errors in the reading of the printout are almost the same for I as for 
1^. Hence AI = Al^, or 
Ao AI I, 
= ( — + 1) .  (C-A) 
a o l^lnC I 
The calculated errors are shown in Figure C-1 as a function of the 
void fraction. 
98 
40 
RANGE OF 
DATA 
J I I L. 
0 02 04 0.6 OB 10 
VOID FRACTION. 
Figure C.l. Maximum precent error In void fraction 
measurement 
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Pressure 
Errors resulting from the uncertainty of the static pressure reading 
(AP^) were negligibly small compared with those resulting from the 
electronic drifting of the transducer and the charge amplifier (6P^). An 
error involved in the misreading of the pressure gauge might be limited 
to 1 psi, but the observed maximum transducer drifting at the end of the 
blowdown (about 25 sec) was about 5% of the initial pressure. Thus, the 
maximum error could occur at the end of blowdown. 
Max. ( ^ « 5%. 
Ft/Po % ""o % 
During the initial stage of blowdown, an error would be negligible and 
increase linearly with time. 
Wei ght 
The weight of fluid was measured either by a load cell or strain 
gauges. The temperature compensated gauges did not show a significant 
error, but an error created by misreading the chart would be large since 
the weight was obtained from averaging the maximum of the oscillations. 
By ccaparlsicn cf dead lead calibration curves, it was found that the 
maximian uncertainty of the weight measurement was 4%. It follows that the 
calculated mass flow rates also give the same rate of error because of 
Insignificant errors involved in the time readings. 
An error involved in the measurement of fluid temperature was small 
compared with other quantities measured. 
